The axonal type of Charcot-Marie-Tooth (CMT) disorders is genetically heterogeneous, therefore the causal mutation is unlikely to be observed, even in clinically well characterized patients. Mitofusin-2 (MFN2) gene mutations are the most frequent cause of axonal CMT disorders in a number of populations. There are two phenotypes; early onset, which is severe and late onset, which is a milder phenotype. A cohort of 139 unrelated Czech patients with axonal neuropathy was selected for sequencing and multiplex ligation-dependent probe amplification analysis (MLPA) testing of the MFN2 gene. A total of 11 MFN2 mutations were detected, with eight pathogenic mutations and three potentially rare benign polymorphisms. MLPA testing in 64 unrelated patients did not detect any exon duplication or deletion. The frequency of the pathogenic mutations detected in Czech hereditary motor and sensory neuropathy type II (HMSN II) patients was 7.2%. Early onset was more frequent among pathogenic mutation cases. Therefore we propose to examine the MFN2 gene mainly in patients with early and severe axonal CMT.
Introduction
Heterogeneous Charcot-Marie-Tooth (CMT) neuropathy is traditionally divided into a demyelinating or axonal type based on the peripheral nerve conduction velocity of 38 m/sec on the median nerve (1) . A number of genes are implicated in the demyelinating type (type I) whereas, only a few are known for the axonal type (type II) (2, 3) . To date, the most frequently reported mutated gene for axonal neuropathy is the mitofusin-2 (MFN2) gene, and it was first reported in 2004 (4) . The MFN2 mutations were found in ≤20% of HMSN II patients. Phenotypes of axonal neuropathy due to a MFN2 mutation may be divided in two groups; severe, early onset, which is more frequent, usually associated with de novo mutations and patients usually lose their ability to walk independently prior to 20 years of age. The late onset type is less frequent and usually familial, associated with inherited dominant mutations.
The MFN2 gene encodes for mitochondrial membrane protein, which plays a role in mitochondrial fusion and fission (5) . To date, ~110 mutations in the MFN2 gene are known (6) . The current study reports the results from diagnostic testing of 139 unrelated patients with axonal HMSN neuropathy tested for MFN2 mutations. The clinical phenotype of patients with mutations in the MFN2 gene is described and the character of the novel mutations in the MFN2 gene is discussed.
Patients and methods
A total of 139 Czech patients with sporadic or familial presence of axonal neuropathy compatible with HMSN II were selected for MFN2 testing. All examined patients signed informed consent for DNA testing to clarify the cause of the hereditary neuropathies and the study was approved by the Ethics Committee of University Hospital Motol (Prague, Czech Republic). The majority of the selected patients were previously tested negative for the most common cause of CMT-CMT1A duplication/hereditary neuropathy with liability to pressure palsies deletion using the set of 17 microsatellite markers (7) , patients with late onset were previously tested negative for mutations in the MPZ and patients with early onset HMSN II were previously tested negative for mutations in the GDAP1 gene.
All 17 coding exons and adjacent intron sequences were amplified in 12 PCR fragments with a set of primers (avail-
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motor and sensory neuropathy type II patients able upon request) and annealing temperature of 65˚C. The sequencing reaction was performed for 15 fragments using BigDye Terminator v3.1 sequencing kit and products were analyzed on an ABI 3130 Genetic Analyzer (all Applied Biosystems, Inc., Foster City, CA, USA). The reference sequence used for MFN2 was NM_014874.3. When the presence of a mutation was observed, samples from additional family members were analyzed to evaluate the segregation of the mutation with the disease. When the mutation was observed, the prediction programs SIFT (8) and PolyPhen-2 (9) were used for the pathogenicity classification of the mutations. Exome Variant Server (EVS) (10), 1000 Genomes (11,12) and Single Nucleotide Polymorphisms database (dbSNP) (13, 14) were used to find information on the variants. The EVS operates with more than 6,500 samples analyzed for the exome variants, the current group was assumed to be large enough and therefore the 100 DNA control samples were not analyzed as was usual previously.
In addition, 73 patients from 64 families, previously tested negative for the MFN2 mutations, were examined with the multiplex ligation-dependent probe amplification analysis method (MRC Holland, Amsterdam, The Netherlands) to exclude larger rearrangements (duplications, deletions) not detectable with Sanger sequencing. The SALSA MLPA kit, P143-MFN2-MPZ was used and analysis was performed according to the manufacturer's instructions. Products were analyzed on an ABI 310 Genetic Analyzer. GeneMapper software v4.0 and Coffalyser v1.0.0.43 (MRC Holland) were used to analyze the data.
Results
A total of 11 nonsynonymous heterozygous mutations were detected by sequencing in 15 unrelated patients from a group of 139 patients with axonal neuropathy (Fig. 1) . A total of eight were pathogenic, the remaining three were observed in healthy relatives and are therefore considered as rare benign polymorphisms (Table I ). The frequency of detected pathogenic MFN2 mutations in the cohort was 7.2%. The prediction programs support the present observations, with the exception of two cases; p.L209Q was classified as pathogenic, but was also observed in a healthy relative and p.W740S was scored by PolyPhen-2 as benign but was already reported as disease causing (4, 15) . Five from the 11 reported mutations are novel. No exonic deletion or duplication of any of the 17 exons examined was detected with MLPA in the 73 patients from 64 families. A large number of previously reported polymorphisms was observed. An overview of all observed polymorphisms with minor allele frequency is summarized in Table II .
Families with pathogenic mutations. A novel pathogenic mutation, p.E65X, was observed in a mother and her daughter. The mother was examined at 58 years of age; the patient was capable of walking without support and only mild foot deformity and arched instep were present. The daughter exhibited the first signs of CMT in childhood and subsequently underwent three orthopedic corrective surgeries on the both feet. At the age of 29, the patient is capable of walking without support, but has muscle atrophies below the knees and on the upper limbs.
The mutation p.R94W, was observed in two patients from different families. Disease onset was early, ~4-5 years of age in the patients and the two were severely affected. The two patients were ~30 years of age and suffer from pronounced muscle atrophies extending above the knees and severe atrophies of the small hand muscles were present (Fig. 2 ). Both patients had gait problems and required crutches. Muscle strength was reduced in the wrist to 2/2 (MRC) in patient 2A and 3/3 in patient 2B. Muscle strength in the ankles was reduced to 0 in both patients. Mutation p.T105R was observed in two sisters affected by axonal CMT neuropathy. The older sibling was more severely affected, with the affliction beginning at 4 years of age. From the age of 10 years, the patient had been using a wheelchair. Following surgical prolongation of the Achilles tendons, the patient is capable of walking with the support of canes. At the current age of 28 years, the patient exhibits severe atrophies above the knees and marked scoliosis. In her younger sister, the disease manifested at the age of 14 years. At the current age of 23 years, the patient exhibits mild atrophies distally in the legs and pes cavus deformities. The two sisters are heterozygotes for the same mutation and it was not observed in their parents. Examination using 17 microsatellite markers proved correct parenthood for the parents, thus, a gonadal mosaicism in one of the parents is the most probable explanation.
The known mutation p.H165Y was detected in two families with similar phenotypes. In the two families, the disease manifested early, ~6-10 years of age. The father (47 years) and daughter (26 years) from the first family were severely affected. They underwent a number of orthopedic corrective surgeries on their feet and are capable of walking with the support of canes. The patients have minor atrophies of the small hand muscles. The father (54 years of age) and two sons (27 and 29 years of age) are affected in the second family (Fig. 2) . The father and older son had a number of orthopedic corrective surgeries on their feet. The older brother is more severely affected compared with the father and has atrophies of the small hand muscles. The affected males from the second family are capable of walking without support. Mutation p.A166T was observed in a mother and son who are mildly affected. The mother has had difficulties with walking since childhood and the last examination at the age of 51 years revealed distal atrophies of the leg muscles, foot deformities and shortened Achilles tendons. The son was examined at the age of 34 years and clinically exhibited no manifestations of CMT neuropathy. Axonal neuropathy was observed upon electrophysiological examination. Mutation p.R707W was observed in a 14-years old patient with axonal neuropathy in whom symptoms of CMT manifested ~7 years of age. The patient exhibited muscle atrophies of the lower limbs and atrophies of the small hand muscles. The patient's mother feels healthy and is declared as unaffected, but has the same mutation. However, the mother denied any clinical or electrophysiological examination. Mutation p.W740S was observed in an affected patient and his daughter. The patient's sister, mother and uncle, had similar difficulties but did not agree to genetic testing. The patient has muscle atrophies of the lower limbs and foot deformities. The daughter was clinically examined at 5 years of age. The patient stumbles and has flat feet. Electrophysiological examination was refused by the parents.
Family with a probable pathogenic mutation. Mutation p.A485T was observed in a single patient with axonal neuropathy which manifested at the age of 55 years. Electrophysiological examination confirmed the axonal neuropathy. The patient is currently 70 years old and has no children for testing of segregation in the family.
Families with probable benign variants. Mutations p.L209E and p.C281S were observed in three families with axonal HMSN. The same mutations were also observed in their healthy relatives, but clinical and electrophysiological examination revealed no signs of CMT neuropathy. Mutation p.V705I was observed in two patients from two unrelated families. The 70 years old patient in the first family has presented with problems since childhood and his clinical phenotype is similar to CMT1A, but exhibits axonal neuropathy according to electrophysiological examination. A patient from the second family has had problems from 33 years of age. The patient has complicated diabetes mellitus and after the neurological and electrophysiological examination the HMSN is suspected.
Within this cohort with pathogenic mutations two clusters of phenotypes were observed. i) Severe phenotype with age of onset occurring at 4-6 years but with normal early motor development and walking beginning at ~12 months of age was observed more frequently (6 of 10 pathogenic mutations, 60%). Patients with this phenotype usually lost their ability of independent walking prior to the age of 20 years and require crutches or a wheelchair. These patients are usually sporadic cases in the families and are a result of a mutation which arose de novo. The mutations with the de novo origin causing a severe phenotype are p.R94W and p.T105R. The familial cases are p.H165Y and p.W740S. ii) The second phenotype is mild with the age of onset between the 2nd and 5th decade without loss of independent walking. This phenotype is usually in families with more affected members. This phenotype was observed in patients with p.E65X, p.A166T and p.R707W mutations.
Discussion
Pathogenic mutations were detected in 7.2% (139/10) of unrelated Czech Charcot-Marie-Tooth neuropathy type 2 (CMT2) patients. Compared with Casasnovas et al (16) and Feely et al (17) who reported 16% for the Spanish population and 21% for US and UK patients, the lower percentage in the current study may be due to less stringent selection criteria that was used and inclusion of more patients with late onset axonal neuropathy and also due our to participation in a previous collaborative study in 2006 (15) , where unresolved severely affected HMSN II patients were selected and in 6 patients of 42, the pathogenic mutation was detected.
A number of mutations detected in the current patient cohort in this study have previously been reported, namely; p.R94W, p.H165Y, p.A166T, p.V705I, p.R707W and p.W740S. Two patients with the p.R94W mutation are early and severely affected with HMSN II but no other clinical signs, including Table I optic atrophy or increased tendon reflexes were observed. The same was reported for this mutation in a number of other studies (15) (16) (17) (18) (19) (20) . Only one family with p.R94W mutation developed optic atrophy at ages 40 and 50 years (21) . The previously reported p.H165Y mutation was observed in a Czech family (15) . It is highly probable that this family is related to the family reported in the present study since they have the same family name, however, it was not possible to prove this. Three other amino acid changes were reported for the same codon p.H165 in HMSN II patients; p.H165D in one family (22) , p.H165R in two single patients (15, 19) and one family with additional signs of tremor and sensorineural hearing loss (18) and p.H165L in a patient with mild to moderate predominantly motor CMT neuropathy up to the age of 60 years, followed by progression acceleration, proximal limb muscle weakness and bulbar involvement (23) . The four substitutions showed that this codon, p.H165, is a mutation hotspot in the MFN2 gene, similar to p.R94 and others.
The p.A166T mutation was previously reported in a family where the mother is wheelchair-bound and unable to write at the age of 49 years. Her daughter exhibited distal muscle atrophies in all four limbs at the age of 28 years (24) . The clinical findings are similar to the current observations where a 51-year-old mother is more severely affected compared with her son at age 34 years where CMT neuropathy was observed only upon electromyography examination.
The p.V705I mutation was previously reported as causing disease in one patient with CMT2 (25) . This mutation was observed in two unrelated CMT2 patients. However, the SIFT and PolyPhen-2 scored it as benign and the frequency for mutated allele in EVS is 0.3%. The mutation is therefore potentially a polymorphism and is not causal for CMT2 neuropathy in these patients or it may be a recessive mutation.
The mild phenotype in patients with the p.W740S mutation is similar to the phenotype previously reported for this mutation (4, 15, 17) .
In the MFN2 gene eight recessive mutations have been reported. The first compound heterozygous mutation was reported by Verhoeven et al (15) , but without data from their parents. Nicholson et al (26) reported two compound heterozygotes and homozygous p.R707W in one patient where all parents were asymptomatic carriers of heterozygous mutations with minimal clinical findings of neuropathy. Other compound heterozygous mutations, p.G108R and p.R707W, were reported in three siblings by Calvo et al (20) where the parents had no signs of peripheral neuropathy, had normal electrophysiological findings and each carried a single heterozygous mutation. Polke et al (27) reported three patients with recessive mutations. In two siblings the combination of missense mutations and deletion of 2 exons was observed. A heterozygous p.R707W mutation was detected in one patient with peripheral neuropathy and also in her asymptomatic mother in this study. The second mutation was not detected by sequencing, however it is possible that it may be missed in a specific deep intronic part, thus, the causal effect of recessive p.R707W mutation remains possible. Two of the five novel mutations are pathogenic. For p.G65X no prediction was possible, however, it is a stop mutation. p.G65X segregates in the family with the HMSN II phenotype and this variant is not present in EVS. The second pathogenic mutation, p.T105R, was detected in two sisters but not in their healthy parents with confirmed parentity, thus a gonadal mosaicism in one of the parents appears to be the most probable explanation. This mutation is not observed in EVS but another amino acid change, p.T105M, in the same codon was reported as causal and supports the current conclusion (17, 18, 28) . Two other mutations, p.L209E and p.C281S, are assumed to be benign variants or recessive mutations since they were also identified in healthy relatives with normal findings under electrophysiological examination.
The remaining novel mutation, p.A485T, was observed in a single patient, thus, the pathogenicity may not be clearly resolved. Moreover, the prediction by SIFT and PolyPhen-2 is tolerated and benign and the variant was not detected in EVS. For a more reliable prediction, another family with segregation of the mutation together with the phenotype is required. During examination of the Czech HMSN II patients for MFN2 mutations 11 heterozygous mutations were observed, five of them novel and six previously reported. The authors propose to examine the MFN2 gene primarily in patients with early and severe axonal CMT, where early motor development was normal, but where patients have pronounced distal weakness in preschool age and in patients with later onset of CMT2 between the 2nd and 5th decade with autosomal dominant inheritance in the family. MLPA examination did not reveal any duplication or deletion in MFN2 exons and these aberrations are not a relevant cause of CMT. Performing MPLA examination of the MFN2 gene in routine MFN2 gene testing is therefore neither effective nor rational.
